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FUEL INJECTION CONTROL METHOD THEREFOR 

P ACKQROUNP OF THE INVENTION 



1 . Ffeld o f t h e fays n tiQn 

[0001] The invention relates to a fuel injection control method. More 
particularly, the invention relates to a pressure boosting common rail fuel injection 
apparatus which includes pressure boosting means, and in which a pressure of fuel 
supplied from a common rail is further increased, and the fuel is injected from a fuel 
injection valve, and a fuel injection control method therefor. 

2, Descrip tion pf the Related Art 

[0002] A so-called common rail fuel injection apparatus is generally known, in 
which high pressure fuel supplied from a fuel pump is stored in a common rail (an 
accumulator), the fuel is supplied to an in-cylinder fuel injection valve provided in each 
cylinder of an internal combustion engine so that the fuel is injected directly into a 
combustion chamber of each cylinder. 

[0003] In the common rail fuel injection apparatus, a pressure in the common 
rail can be controlled to a given value. Therefore, a rate of injection from a fuel 
injection valve can be controlled to an appropriate value according to an engine operating 
state so that a good combustion state can be maintained in the cylinder, irrespective of the 
engine operating state. 

[0004] Particularly, in a direct injection diesel engine, a fuel injection period 
during which fuel can be injected into the cylinder is limited, depending on a relationship 
between the fuel injection period and a position of a piston. Therefore, when an engine 
rotational speed is high while the engine is operated, the period during which fuel can be 
actually injected may become extremely short, and it may become difficult to supply a 
large amount of fuel to the cylinder. However, in the common rail fuel injection 
apparatus, a fuel injection pressure can be maintained at a high value irrespective of an 
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engine rotational speed. Therefore, by using the common rail fuel injection apparatus, it 
is possible to supply a large amount of fuel into the combustion chamber in a short time 
so that a high rotational speed and high output can be achieved in the diesel engine. 

[0005] Meanwhile, since supercharging is generally performed in diesel 
5 engines, it is required to further increase the output of the diesel engine by increasing the 
fuel injection amount and using the supercharging, and accordingly it is required to 
further intensify the fuel injection pressure so as to further increase an amount of fuel 
supplied to the cylinder. 

[0006] However, in the common rail fuel injection apparatus, the fuel injection 

10 pressure has been already set to a high value (e.g., approximately 180 MPa) that is close 
to a limit value. Therefore, in order to further increase the fuel pressure in the common 
rail, it is necessary to increase a designed pressure of all elements of a fuel injection 
system such as the fuel pump, the common rail, and delivery pipes. However, it is not 
practical to increase the designed pressure of all the elements of the fuel injection system, 

1 5 considering problems such as an increase in cost and a decrease in reliability. 

[0007] Accordingly, in order to solve the problems, a pressure boosting 
common rail fuel injection apparatus is proposed. In the pressure boosting common rail 
fuel injection apparatus, a fuel pressure in a common rail is set to a value that is 
substantially equal to, or lower than a fuel pressure in a common rail in a conventional 

20 apparatus, and a pressure boosting device is employed for further increasing the pressure 
of fuel supplied to a fuel injection valve from the common rail at a portion that is closest 
as possible to a nozzle hole of the fuel injection valve. 

[0008] In the pressure boosting common rail fuel injection apparatus, since the 
pressure boosting device is used for further increasing the pressure of the fuel supplied to 

25 the fuel injecticm valve from the common rail, the actual fuel injection pressure of the 
fuel injection valve can be set to a higher value (e.g., approximately 250 MPa) by setting 
only the designed pressure of a portion from the pressure boosting means to the fuel 
injection valve to a high value while the designed pressure of the elements such as the 
fuel pump and the common rail is set to a value that is substantially equal to (or lower 
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than) the designed pressure in the conventional apparatus. Therefore, it is possible to 
boost the fuel injection pressure while suppressing a large increase in the cost. 

[0009] Published Japanese Translation of PCT application No. JP-T-2002- 
539372 discloses an example of such a pressure boosting common rail fuel injection 
5 apparatus using such a fiiel boosting device. 

[0010] In the pressure boosting common rail fuel injection apparatus disclosed 
in the Published Japanese Translation of PCT application No. JP-T-2002-539372, a 
pressure boosting unit including a pressure boosting piston is used as a pressure boosting 
device. The pressure boosting unit is provided between a common rail and a nozzle 
10 hole of a fuel injection valve. The pressure boosting piston is formed by connecting a 
pressure receiving piston with a large diameter, and a pressurizing piston with a small 
diameter. The pressure boosting piston pressurizes the fuel according to an area ratio 
between the pressure receiving piston and the pressurizing piston. That is, in the 
pressure boosting piston, the fuel pressure in the common rail is applied to the pressure 
15 receiving piston with the large diameter, whereby the fuel supplied to a pressurizing 
chamber from the common rail is pressurized by the pressurizing piston with the small 
diameter. Thus, the pressure of the fuel supplied to the fuel injection valve can be 
increased to a value higher than the fuel pressure in the common rail, which is decided 
according to the area ratio between the piston having the large diameter and the piston 
' 20 having the small diameter. 

[0011] In the pressure boosting common rail fuel injection apparatus disclosed 
in the Published Japanese Translation of PCT application No. JP-T-2002-539372, the 
pressure boosting device increases the pressure pf fuel supplied to the fuel injection valve. 
Accordingly, it is possible to increase the fuel injection pressure without increasing the 
25 designed pressure of elements of the entire fuel injection apparatus. 

[0012] However, in a case where the pressure boosting device is provided so 
that the fuel injection pressure is increased, if the same fuel injection control as that 
performed in the conventional common rail fuel injection apparatus is employed, the 
control becomes complicated. 
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[0013] In the conventional common rail fuel injection apparatus, the volume of 
the common rail is set so as to be sufficiently large compared to the amount of fuel 
injected one time, the fuel pressure supplied to the fuel injection valve is constant 
throughout the fuel injection period (the period during which the fuel injection valve is 
5 opened) is constant. 

[0014] Accordingly, in the conventional common rail fuel injection apparatus, 
the fuel injection amount is decided based on an engine operating condition (accelerator 
pedal operation amount (a depression amount of an accelerator pedal) and an engine 
rotational speed), using a numerical table (map) that is made in advance. Then, required 

10 common rail fuel pressure (fuel injection pressure) and injection timing (injection starting 
timing) are decided based on the decided fuel injection amount and the engine rotational 
speed, using respective separate maps which are prepared in advance, and in which fuel 
injection amount and the engine rotational speed are used as parameters. Also, the fuel 
injection period (the period during which the fuel injection valve is opened) is decided 

15 using a map in which the fuel injection amount and the common rail pressure are used as 
parameters. 

[0015] Meanwhile, when using the pressure boosting common rail fuel 
injection apparatus including a boosting piston as disclosed in the Published Japanese 
Translation of PCT application No. JP-T-2002-539372, it takes certain time until the fuel 

20 pressure is increased to a final pressure (boosted pressure) after operation of the boosting 
device is started, and the fuel pressure is changed (increased) with time until the boosted 
pressure is reached. Therefore, when the fuel injection period is overlapped with the 
period during which the pressure is being increased at the time of boosting the pressure, 
the fuel injection pressure is changed during the fuel injection. 

25 [0016] Therefore, even if a target fuel pressure is decided, for example, based 

on the fuel injection amount and the engine rotational speed, it is necessary to perform an 
additional complicated calculation considering the increase in the fuel pressure during a 
period (pressure boosting period) from when operation of the pressure boosting means is 
started until when the fuel injection is started, and pressure boosting start timing, in order 
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to decide timing at which the actual fuel injection pressure becomes equal to the 
aforementioned target fuel pressure. 

[0017] Further, in the case where the fuel injection period is decided using the 
map in which the fuel injection amount and the common rail pressure are used as 
5 parameters according to the conventional method, when the fuel injection pressure is 
changed (i.e., the rate of injection is changed) during the injection, it is necessary to 
provide maps in which multiple parameters are used, for example, according to a change 
pattern of the fuel injection pressure during boosting of the pressure, and the injection 
starting timing, since the fuel injection period varies depending on a time point at which 
10 the fuel pressure used for deciding the fuel injection period is obtained. As a result, the 
calculation of the fuel injection period becomes complicated. 

[0018] Accordingly, in the case where the pressure boosting common rail fuel 
injection apparatus is used, if the fuel injection control is performed using the same map 
as that used in the conventional method, the control becomes complicated. 

15 

SUMMARY OF THE JDSfVPNTION 

[0019] In view of the above, it is an object of the invention to provide a 
pressure boosting common rail fuel injection apparatus, and a fuel injection control 
20 method therefor, which makes it possible to simplify control of the pressure boosting 
common rail fuel injection apparatus without increasing the number of maps and 
parameters! 

[0020] A first aspect of the invention relates to a fuel injection control method 
for controlling a fuel injection characteristic of a pressure boosting common rail fuel 
25 injection apparatus. The pressure boosting common rail fuel injection apparatus 
includes a fuel injection valve which directly injects fuel into a combustion chamber of 
an internal combustion engine; a common rail which stores fuel having a predetermined 
pressure and supplies the fuel to the fuel injection valve; and pressure boosting means for 
increasing the pressure of the fuel supplied to the fuel injection valve from the common 
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rail to a predetermined boosted pressure that is higher than the predetermined pressure of 
the fuel in the common rail. The pressure boosting common rail fuel injection apparatus 
performs boosted pressure fuel injection by operating the pressure boosting means so as 
to increase a fuel injection pressure of the fuel injection valve when necessary. The fuel 
5 injection control method includes the steps of deciding a fuel injection amount that is an 
amount of fuel to be injected from the fuel injection valve according to an engine 
operating state when the boosted pressure fuel injection is performed; and deciding a 
pressure boosting period that is defined as a time interval from when operation of the 
pressure boosting means is started until when the fuel injection is started, based on a 

10 relationship that is defined in advance using the decided ftiel injection amount and an 
engine rotational speed. 

[0021] That is, in the first aspect, the fuel injection amount is decided based on 
the engine operating state such as an accelerator pedal operation amount and the engine 
rotational speed, using a numerical map that is made in advance, or the like. Then, the 

15 pressure boosting period is decided based on the decided fuel injection amount and the 
engine rotational speed, using a predetermined function (for example, a numerical map). 

[0022] When the pressure boosting means starts to boost the pressure of the 
fuel supplied to the fuel injection valve, the fuel pressure starts to be increased. After a 
certain time elapses, the fuel pressure reaches the predetermined boosted pressure that is 

20 higher than the common rail pressure, and becomes constant A time-dependent change 
in the fuel pressure after the fuel pressure starts to be boosted varies depending on the 
common rail pressure, a specification of the pressure boosting means, and the like. 
However, when the common rail pressure and the specification of the pressure boosting 
means are decided, the fuel pressure after the fuel pressure starts to be boosted (for 

25 example, after a command signal is output to the pressure boosting means) is decided 
only by elapsed time after the fuel pressure starts to be boosted. 

[0023] Accordingly, in this case, when the pressure boosting period, which is 
defined as the time period from when operation of the pressure boosting means is started 
(the fuel pressure actually starts to be increased) until when the fuel injection is started, is 
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decided, the fuel injection pressure when the fuel injection is started and the change in the 
fuel injection pressure after the start of the fuel injection are decided. Therefore, the 
fuel injection characteristic (for example, a change in the fuel injection rate) can be 
represented only by the pressure boosting period. 
5 [0024] According to the invention, the pressure boosting period which makes it 

possible to obtain the optimal fuel injection characteristic such as the optimal fuel 
injection rate is obtained in advance according to the engine rotational speed and the 
required fixel injection amount, at each common rail pressure. In the actual fuel 
injection control, the required pressure boosting period is decided based on a relationship 

10 that is defined in advance using the fuel injection amount and the engine rotational speed. 

[0025] Thus, it is possible to control the fuel injection characteristic easily 
even when the boosted pressure fuel injection is performed, without increasing the 
number of parameters for calculations, or making the control complicated. 

[0026] The pressure boosting period which makes it possible to obtain the 

15 optimal fuel injection characteristic may be obtained in advance according to the fuel 
injection amount and the engine rotational speed, for example by performing experiment 
using an actual fuel injection apparatus, and values of the pressure boosting period may 
be stored in a control device in the form of a three dimensional numerical map in which 
the fuel injection amount and the engine rotational speed are used as parameters. 

20 [0027] In the first aspect, when the boosted fuel injection is performed, the 

pressure of the fuel in the common rail may be controlled to a constant base rail pressure 
irrespective of the engine operating state, fuel injection starting t imin g may be decided 
based on a relationship that is defined in advance using the fuel injection amount and the 
engine rotational speed, and operation starting timing of the pressure boosting means at 

25 which operation of the pressure boosting means is started may be decided based on the 
decided fuel injection starting timing and the pressure boosting period. Since it is not 
necessary to provide a map for each common rail pressure when the pressure boosting 
period is decided based on the fuel injection amount and the engine rotational speed, a 
calculation of the pressure boosting period is simplified. 



WO 2005/106231 PCT7IB2005/001144 

8 

[0028] In the first aspect, the fuel injection timing (fuel injection starting 
timing) is decided based on the fuel injection amount and the engine rotational speed as 
in the conventional case. However, as soon as the fuel injection timing is decided, the 
operation starting timing of the pressure boosting means, that is, pressure boosting 
5 starting timing at which the fuel pressure starts to be increased is decided based on the 
pressure boosting period that is thus calculated. Therefore, the pressure boosting 
starting timing can be calculated easily. 

[0029] Thus, according to the invention, it is possible to control the fuel 
injection characteristic easily even when the boosted pressure fuel injection is performed, 
10 without increasing the number of parameters for calculations, or making the control 
complicated. 

[0030] In an aspect relating to the first aspect, the pressure boosting period 
may be set to a negative value in a case where the fuel injection is started before the 
operation of the pressure boosting means is started, and the pressure boosting period may 

15 be set to a positive value in a case where the fuel injection is started after the operation of 
the pressure boosting means is started. With this arrangement, one numerical map or 
one relational expression can indicate values of the pressure boosting period in both of 
the case where the fuel injection is started before the operation of the pressure boosting 
means is started (that is, in the case where the fuel injection is performed at the base rail 

20 pressure during at least a portion of a fuel injection period), and the case where the fiiel 
injection is started after the operation of the pressure boosting means is started. 
Therefore, the control of the fuel injection characteristic can be further simplified when 
the boosted pressure fuel injection is performed. 

[0031] In an aspect relating to the first aspect, a relationship between the 

25 operation starting timing of the pressure boosting means and the fuel injection timing 
may be set according to the engine operating state such that 

(1) in a case where the engine is operated at an intermediate load, the fuel injection 
is started before the operation of the pressure boosting means is started, and the fuel 
injection is ended after the operation of the pressure boosting means is started, and before 
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the pressure of the fuel supplied from the common rail to the fuel injection valve reaches 
the boosted pressure; (2) in a case where the engine is operated at a load lower than the 
intermediate load, the fuel injection is ended before the operation of the pressure boosting 
means is started; (3) in a case where the engine is operated in a vicinity of a maximum 
5 torque point, the fuel injection is started after the operation of the pressure boosting 
means is started, and before the pressure of the fuel supplied from the common rail to the 
fuel injection valve reaches the boosted pressure, and the fuel injection is ended after the 
pressure of the fuel reaches the boosted pressure; and (4) in a case where the engine is 
operated in a vicinity of a maximum output point, the fuel injection is started after the 

10 operation of the pressure boosting means is started, and after the pressure of the fuel 
supplied from the common rail to the fuel injection valve reaches the boosted pressure. 
With this arrangement, since the pressure boosting period is changed according to the 
engine operating state, a change pattern of the fuel injection pressure during a period 
from when the fuel injection is started until when the fuel injection is ended is changed 

15 according to the engine operating state. Therefore, it is possible to set the fuel injection 
rate to the optimal value according to the engine operating state, and to maintain the 
optimal combustion state of the engine irrespective of the engine operating state. 

[0032] In each of the first aspect and the aspect relating to the first aspect, it is 
possible to obtain the common effect of preventing an increase in the number of maps 

20 and parameters, and simplifying the control when the pressure boosting common rail fuel 
injection apparatus is used. 

[0033] In an aspect relating to the first aspect, the pressure boosting means 
may be prohibited from being operated in a case where the fuel injection is ended before 
the operation of the pressure boosting means is started. With this arrangement, when the 

25 fuel injection is performed without operating the pressure boosting means, that is, when 
the fuel injection is performed at the base rail pressure, the pressure boosting means is 
prohibited from being operated. When the pressure boosting means is operated, power 
for driving the pressure boosting means is increased, and an amount of consumption of 
leak fuel that is used as operating oil is also increased. Thus, by prohibiting the pressure 
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boosting means from being operated when the fuel injection is performed at the base rail 
pressure, it is possible to prevent an increase in the power and the leak fuel. 

[0034] In the aspect relating to the first aspect, switching may be performed 
between the boosted fuel injection and normal pressure fuel injection that is performed 
5 with the pressure boosting means being in a non-operated state; the base rail pressure 
may be set to a value equal to a lowest fuel injection pressure during the boosted pressure 
fuel injection; and in a case where the fuel injection pressure lower than the base rail 
pressure is required when the normal pressure fuel injection is performed, the pressure of 
the fuel in the common rail may be set to a value lower than the base rail pressure by 

10 opening a pressure reducing valve provided in the common rail. With this arrangement, 
a pressure increasing ratio of the pressure boosting means (a ratio between the boosted 
pressure and the common rail pressure) can be set to a small value, as compared to a case 
where a difference between the lowest pressure during the boosted pressure fuel injection 
and the base rail pressure is large. Also, it is possible to reduce the power for driving 

15 the pressure boosting means and the amount of leak fuel for operating the pressure 
boosting means. 

[0035] In the aspect relating to the first aspect, switching may be performed 
between the boosted fuel injection and normal pressure fuel injection that is performed 
with the pressure boosting means being in a non-operated state; the base rail pressure 

20 may be set to a value equal to a lowest fuel injection pressure during the boosted pressure 
fuel injection; and in a case where the fuel injection pressure lower than the base rail 
pressure is required when the normal pressure fuel injection is performed, the pressure of 
the fuel in the common rail may be set to a value lower than the base rail pressure by 
controlling a discharge flow rate of a high pressure fuel injection pump which supplies 

25 the fuel to the common rail. With this arrangement, the pressure increasing ratio of the 
pressure boosting means (the ratio between the boosted pressure and the common rail 
pressure) can be set to a small value. Also, it is possible to reduce the power for driving 
the pressure boosting means and the amount of leak fuel for operating the pressure 
boosting means. 
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[0036] Also, in a case where the fuel injection pressure is set to a value lower 
than the base rail pressure when the normal pressure fuel injection is performed, the 
common rail pressure is reduced by controlling (reducing) the amount of fuel supplied to 
the common rail, instead of using the pressure reducing valve. Thus, it is possible to 
5 prevent unnecessary supply of high-pressure fuel, and to reduce driving force for the 
high-pressure fuel injection pump. 

[0037] In an aspect relating to the first aspect, the boosted pressure fuel 
injection may be performed in a first engine operating region in which the engine is 
operated at a high load; the normal pressure fuel injection may be performed with the fuel 

10 injection pressure being set to. the value lower than the base rail pressure in a second 
engine operating region in which the engine is operated at a load lower than the high 
load; and an engine operating region may be provided in the first engine operating region 
in a vicinity of a boundary between the first engine operating region and the second 
engine operating region, and in the engine operating region, the fuel injection may be 

15 performed with the pressure of the fuel in the common rail being set to a value equal to 
the base rail pressure, and with the pressure boosting means being in the non-operated 
state. With this arrangement, when the engine is actually operated, the normal pressure 
fuel injection is performed in a broad engine operating region. Thus, it is possible to 
prevent power consumption and the amount of leak fuel from being increased due to the 

20 operation of the pressure boosting means. 

[0038] Also, as described above, the base rail pressure is set to the lowest fuel 
injection pressure during the boosted pressure fuel injection. Therefore, it is possible to 
continuously change the fuel injection pressure according to the engine operating state. 
That is, it is possible to perform the normal pressure fixel injection at the pressure lower 

25 than the base rail pressure, the boosted pressure fuel injection at the base rail pressure, 
and the boosted pressure fuel iiijection at the boosted pressure. 

[0039] In the aspect relating to the first aspect, when the boosted pressure fuel 
injection is performed, a valve opening period of the fuel injection valve may be decided 
based on a relationship that is defined in advance using the pressure boosting period and 
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the fuel injection amount. 

[0040] Since the common rail pressure is set to the constant value (base rail 
pressure), when the pressure boosting period is decided, a change in the fuel injection 
pressure during the fuel injection is decided. Therefore, a fuel injection period can be 
5 represented using only the fuel injection amount and the pressure boosting period. 

[0041] With this arrangement, for example, values of the fuel injection period 
are obtained in advance while changing combination of the fuel injection amount and the 
pressure boosting period through experiment using an actual fuel injection valve, and the 
values are maintained in the form of a numerical map in which the fuel injection amount 
10 and the pressure boosting period are used as parameters. Thus, it is possible to easily 
calculate the valve opening period of the fuel injection valve (fuel injection period) based 
on the pressure boosting period and the fuel injection amount while the engine is 
operated. 

[0042] In an aspect relating to the first aspect, when the boosted pressure fuel 
15 injection is performed, a valve opening period of the fuel injection valve may be decided 
based on a relationship that is predefined in advance using the pressure boosting period 
and the fuel injection amount; and when the normal pressure fuel injection is performed, 
the valve opening period of the fuel injection valve may be decided based on the pressure 
of the fuel in the common rail and the fuel injection amount. With this arrangement, 
20 when the boosted pressure fuel injection is performed, the fuel injection control is 
performed such that the fuel injection period is decided based on the pressure boosting 
period and the fuel injection amount. Meanwhile, when the normal pressure fuel 
injection is performed, the conventional fuel injection control for a common rail fuel 
injection apparatus is performed such that the fuel injection period is decided based on 
25 the pressure of the fuel in the common rail and the fuel injection amount. Thus, when 
the boosted pressure fuel injection is performed, the control suitable for the boosted 
pressure fuel injection mode is performed. Also, when the normal pressure fuel 
injection is performed, the control suitable for the normal pressure fuel injection mode is 
performed. 
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[0043] In the aspect relating to the first aspect, when the boosted pressure fuel 
injection is performed, the operation of the pressure boosting means may be stopped 
simultaneously with an end of the fuel injection from the fuel injection valve. 

[0044] In a case where the fuel injection is performed while the pressure 
5 boosting means is operated, when the fuel injection is ended before the operation of the 
pressure boosting means is stopped, the pressure of the fuel in a pipe connecting the fuel 
injection valve to the pressure boosting means may be sharply increased (i.e., pressure 
overshoot may occur) simultaneously with the end of the fuel injection, and the pressure 
of the fuel in the pipe may become equal to or higher than the boosted pressure at the 

10 peak. Therefore, a design pressure of a pipe member between the fuel injection valve 
and the pressure boosting means needs to be set considering the pressure overshoot at the 
end of the boosted pressure fuel injection. With the aforementioned arrangement, since 
the operation of the pressure boosting means is stopped simultaneously with the end of 
the fuel injection, it is possible to prevent occurrence of pressure overshoot at the end of 

15 the fuel injection. Therefore, there is an advantage that the design pressure of the pipe 
member between the fuel injection valve and the pressure boosting means does not need 
to be set to an unnecessarily high value. 

[0045] In the aspect relating to the first aspect, when the boosted pressure fuel 
injection is performed, the operation of the pressure boosting means may be stopped 

20 before an end of the fuel injection from the fuel injection valve. With this arrangement, 
the operation of the pressure boosting means is stopped, and the fuel injection pressure 
starts to be decreased before the end of the fuel injection. Therefore, it is possible to 
decrease the fuel injection rate in an end stage of the fuel injection, as well as preventing 
occurrence of pressure overshoot. Thus, it is possible to obtain a change pattern of the 

25 fuel injection rate that cannot be obtained in the conventional case. 

[0046] A second aspect of the invention relates to a fuel injection apparatus. 
The fuel injection apparatus includes a fuel injection valve which directly injects fuel into 
a combustion chamber of an internal combustion engine; a common rail which stores fuel 
having a predetermined pressure and supplies the fuel to the fuel injection valve; a 
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pressure boosting device which increases the pressure of the fuel supplied to the fuel 
injection valve from the common rail to a predetermined boosted pressure that is higher 
than the predetermined pressure of the fuel in the common rail; and a controller which 
decides a fuel injection amount that is an amount of fuel to be injected from the fuel 
5 injection valve according to an engine operating state when boosted pressure fuel 
injection is performed with the pressure boosting device being operated so as to increase 
a fuel injection pressure of the fuel injection valve, and which decides a pressure boosting 
period that is defined as a time interval from when operation of the pressure boosting 
device is started until when the fuel injection is started, based on the decided fuel 
10 injection amount and an engine rotational speed. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0047] FIG 1 is a schematic diagram explaining a configuration of an 
15 embodiment in which the invention is applied to an internal combustion engine for an 
automobile; 

[0048] FIG 2 is a schematic diagram explaining an example of a configuration 
of a fuel injection valve with a pressure boosting unit; 

[0049] FIG 3 is a diagram showing a pressure boosting characteristic of the 
20 pressure boosting unit; 

[0050] FIG 4 is a flowchart explaining an example of fuel injection control 
operation according to the embodiment shown in FIG 1; 

[0051] FIG 5 is a diagram explaining a method of setting a fuel injection 
period when boosted pressure fuel injection is performed; 
25 [0052] FIG 6 is a diagram explaining a method of setting a fuel injection 

period when normal pressure fuel injection is performed; 

[0053] FIG 7 A to FIG 7E are diagrams each schematically showing a change 
pattern of a fuel injection rate when a pressure boosting period TE is changed; 

[0054] FIG 8 is a diagram explaining a change in the fuel injection rate when 
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operation of the pressure boosting unit is stopped before an end of fuel injection; and 

[00551 FIG 9 is a diagram explaining an engine operating region in which the 
boosted pressure fuel injection is performed. 

5 PET A HEP PESQUPT IO N OF T HE PREFERRED EMBQPPVJGENTS 

[0056] Hereinafter, an embodiment of the invention will be described with 
reference to the accompanying drawings. 

[0057] FIG 1 is a schematic diagram showing a configuration in a case where 

10 a fuel injection apparatus which is controlled by a fuel injection control method 
according to the invention is used in a diesel engine for an automobile. 

[0058] In FIG 1, an internal combustion engine 1 includes fuel injection valves 
10a to lOd each of which includes a pressure boosting unit and injects fuel directly into 
each of cylinders #1 to #4. In this embodiment, a four-cylinder four-cycle diesel engine 

15 including four cylinders #1 to #4 is used as the internal combustion engine 1. The fuel 
injection valves 10a to lOd are connected to a common accumulator (common rail) 3 
through high pressure fuel pipes 11a to lid, respectively. The common rail 3 stores 
pressurized fuel supplied by a high pressure fuel injection pump 5, and distributes the 
high pressure fuel to the fuel injection valves 10a to lOd through the high pressure fuel 

20 pipes 1 la to 1 Id, respectively. 

[0059] In the embodiment of the invention, for example, the high pressure fuel 
injection pump 5 is a plunger type pump including a flow rate adjusting mechanism. 
The high pressure fuel injection pump 5 increases a pressure of fuel supplied from a fuel 
tank (not shown) to a predetermined pressure, and then supplies the fuel to the common 

25 rail 3. The amount of fuel delivered to the common rail 3 from the pump 5 under 
pressure is controlled by an Electronic control unit (hereinafter, referred to as "ECU") 20 
through feedback so that the pressure of the common rail 3 becomes equal to a target 
pressure. 

[0060] In FIG 1, the ECU 20 controls the internal combustion engine 1. The 
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ECU 20 is configured as a digital computer having a known configuration in which a 
read only memory (ROM), a random access memory (RAM), a microprocessor (CPU), 
and input/output ports are connected to each other using a bi-directional bus. The ECU 
20 controls valve opening timing and a valve opening period of each of the fuel injection 
5 valves 10a to lOd, operation starting timing of each of pressure boosting units 110a to 
HOd (described later), and the like, thereby controlling fuel injection timing and a fuel 
injection amount of each of the fuel injection valves 10a to lOd. In addition, the ECU 
20 performs basic controls of the engine such as a control of an engine rotational speed. 
[0061] In order to perform these controls, in this embodiment, a fiiel pressure 
10 sensor 27 for detecting the fuel pressure in the common rail 3 is provided in the common 
rail 3. Also, an accelerator pedal operation amount sensor 21 for detecting an 
accelerator pedal operation amount (a depression amount of an accelerator pedal operated 
by a driver) is provided in the vicinity of the accelerator pedal (not shown) for the engine 
1. 

15 [0062] In FIG 1, a crank angle sensor 25 detects a rotational phase of a 

crankshaft of the engine 1. The crank angle sensor 25 is provided in the vicinity of the 
crank shaft. The crank angle sensor 25 generates a crank angle pulse signal every 
predetermined crank angle (e.g., every 15 degrees), and outputs a reference pulse signal 
every 720 degrees of the crank angle. 

20 [0063] The ECU 20 calculates the engine rotational speed based on frequency 

of the crank angle pulse signal input thereto from the crank angle sensor 25. In this 
embodiment, the output from the accelerator pedal operation amount sensor 21 and the 
engine rotational speed calculated based on the output from the crank angle sensor 25 are 
used for fuel injection control for controlling the fuel injection from the fuel injection 

2.5 valve. 

[0064] Also, the ECU 20 calculates the rotational phase of the crank shaft 
(present crank angle) based on the number of the crank angle pulse signals after the 
reference pulse signal of the crank angle sensor 25 is input thereto. 

[0065] Next, description will be made of the configuration of the fuel injection 
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valve 10 with the pressure boosting unit (since the fuel injection valves 10a to lOd have 
the same configuration, hereinafter, collectively referred to as "fuel injection valve 10") 
in this embodiment of the invention. 

[0066] FIG 2 is a schematic diagram showing the configuration of the fuel 
5 injection valve 10 with the pressure boosting unit in this embodiment of the invention. 

[0067] FIG 2 shows the entire fuel injection valve 10 with the pressure 
boosting unit. As shown in FIG 1, the fuel injection valve 10 is connected to the 
common rail 3 through the high pressure pipe 11. In FIG 2, the three high pressure 
pipes 11-1, 11-2, 11-3 are shown for the sake of convenience. However, the three pipes 
10 may extend from one high pressure pipe 1 1 . 

[0068] In FIG 2, a pressure boosting unit 110, and a pressure boosting control 
valve 111 are provided. 

[0069] A needle 113 opens/closes a nozzle hole 116 of a nozzle portion 105 of 
the fuel injection valve 10. A fuel pit 106 is formed around the needle 113 in the nozzle 
15 portion 105. 

[0070] A command piston 112 in FIG 2 receives a hydraulic pressure in an 
injection control chamber 103 described later and presses the needle 113 downward (i.e., 
in a valve closing direction) in FIG 2. A spring 1 12a presses the needle 1 13 in the valve 
closing direction, independently of the command piston 1 12. 

20 [0071] The injection control chamber 103 is formed in an upper portion of the 

command piston 112. In the control chamber 103, an injection control valve 109 
including a solenoid actuator 109a is provided. By operating the solenoid actuator 109a, 
the hydraulic pressure in the control chamber 103 is discharged to a drain pipe (not 
shown) through an orifice 119. Also, the control chamber 103 is connected to a pressure 

25 boosting fuel passage 108 through an orifice 118, and is connected to the high pressure 
pipe 11-1 through a non-return valve 117. 1 

[0072] In FIG 2, a fuel injection passage 107 is provided. The fuel injection 
passage 107 is connected to the fuel pit 106 of the nozzle 105. When boosted pressure 
fuel injection is performed, the fuel whose pressure is boosted by the pressure boosting 
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unit 110 is supplied to the fuel pit 106 through the fuel injection passage 107. When 
non-boosted pressure fuel injection is performed, the fuel is supplied to the fuel pit 106 
from the common rail 3 through the fuel injection passage 107. 

[0073] When the injection control valve 109 is in a closed state, the fuel 
5 pressure in the injection control chamber 103 is substantially equal to the pressure in the 
fuel injection passage 107 and the pressure in the fuel pit 106. In this state, the needle 
113 is pressed by the spring 112a and the command piston 112, and the needle 113 is in 
close contact with a seat at a tip of the nozzle so as to close the nozzle hole 116. 

[0074] Meanwhile, when electric current is supplied to the actuator 109a, and 

10 the injection control valve 109 is opened, the fuel in the control chamber 103 is 
discharged to the drain pipe through the orifice 119, and the pressure in the control 
chamber 103 is decreased. 

[0075] As a result, the pressure in the control chamber 103 becomes lower than 
the pressure in the fuel injection passage 107 and the pressure in the fuel pit 106. 

15 Therefore, the needle 113 is pressed by the hydraulic pressure in the fuel pit 106, and is 
moved upward (i.e., in a valve opening direction) against the pressing force of the spring 
112a and the command piston 112. Thus, the nozzle hole 116 is opened, and the fuel in 
the fuel pit 106 is injected from the nozzle hole 116. 

[0076] Next, the pressure boosting unit 110 will be described. 

20 [0077] The pressure boosting unit 110 includes a pressure boosting piston 104. 

The pressure boosting piston 104 includes a large-diameter piston portion 104a and a 
small-diameter piston portion 104b. A pressure boosting control chamber 114b is 
formed on the small-diameter piston portion 104b side of the large-diameter piston 
portion 104a, A hydraulic pressure chamber 114a is formed on a side of the large- 

25 diameter piston portion 104b, the side being opposite to the pressure boosting control 
chamber 114b. Communication is provided between the hydraulic pressure chamber 
114a and the common rail 3 through the high pressure pipe 11-2. Further, a pressure 
boosting chamber 114c is formed so as to be adjacent to an end portion of the small- 
diameter piston portion 104b of the pressure boosting piston 104. Communication is 
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provided between the pressure boosting chamber 114c and the pressure boosting fuel 
passage 108. 

[0078] A spring 115 provided in the pressure boosting control chamber 114b 
constantly applies force to the pressure boosting piston 104 in an upward direction in FIG 

,5 2. 

[0079] In FIG 2, a pressure boosting control valve 111 is provided The 
pressure boosting control valve 111 is a solenoid-driven selector valve. The pressure 
boosting control valve 111 selectively connects the pressure boosting control chamber 
1 14b to the common rail 3 or the drain pipe 111a through the high pressure pipe 11-3. 

10 [0080] When the pressure boosting unit 110 is in a non-operated state, supply 

of electric current to a solenoid actuator for the pressure boosting control valve 111 is 
stopped, and the pressure boosting control chamber 114b is connected to the high 
pressure pipe 11-3 through the pressure boosting control valve 111. Therefore, the fuel 
pressure in the common rail 3 is applied to the pressure boosting control chamber 114b. 

15 Also, the pressure in the common rail 3 is applied to the hydraulic pressure chamber 1 14a 
of the pressure boosting unit 110 through the high pressure pipe 11-2. Therefore, the 
pressures on the both sides of the large-diameter piston portion 104a of the pressure 
boosting piston 104 become the same. 

[0081] In this state, the pressure boosting piston 104 is pushed and moved 

20 upward by the spring 115 which urges the large-diameter piston portion 104a toward the 
hydraulic pressure chamber 114a side. The fuel flows into the pressure boosting 
chamber 114c from the common rail 3 through the pipe 11-1 and the non-return valve 117- 
Therefore, the fuel pressure in the pressure boosting fuel passage 108 and the fuel 
injection passage 107 becomes equal to the pressure in the common rail 3. 

25 [0082] That is, when the pressure boosting unit 1 1 0 is in the non-operated state, 

the injection pressure of the fuel injection valve 10 becomes equal to the fuel pressure in 
the common rail 3. 

[0083] Meanwhile, when electric current is supplied to the solenoid actuator 
for the pressure boosting control valve 1 1 1 , the pressure boosting control chamber 1 14b is 
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connected to the drain pipe 111a through the pressure boosting control valve 111. Thus, 
the fuel in the pressure boosting control chamber 114b is discharged to the drain pipe 
111a through the pressure boosting control valve 111. As a result, the pressure in the 
pressure boosting control chamber 114b is sharply decreased. 

[0084] Accordingly, the pressure boosting piston 104 is pressed by the 
hydraulic pressure in the hydraulic pressure chamber 114a which is applied to the large- 
diameter piston portion 104a, and the fuel in the pressure boosting chamber 114c is 
pressurized by the small-diameter piston portion 104b. Thus, the fuel pressure in the 
pressure boosting chamber 114c becomes substantially equal to a value obtained by 
multiplying the common rail fuel pressure in the hydraulic pressure chamber 114a by a 
cross-sectional area ratio between the large-diameter piston portion 104a and the small- 
diameter piston portion 104b. 

[0085] That is, when the pressure boosting unit 1 10 is in the operated state, the 
pressure in the pressure boosting fuel passage 108 and the fuel injection passage 107, and 
the pressure in the injection control chamber 103 are increased to the boosted pressure 
obtained by multiplying the fuel pressure in the common rail 3 by the cross-sectional area 
ratio between the large-diameter piston portion 104a and the small-diameter piston 
portion 104b. 

[0086] The ECU 20 controls opening/closing operation of the injection control 
valve 109, thereby controlling fuel injection starting timing and a fuel injection period (an 
injection amount) of the fuel injection valve 10. Also, the ECU 20 controls 
opening/closing operation of the pressure boosting control valve 111 so that the fuel 
pressure is boosted, or is not boosted. Also, the ECU 20 controls a difference between 
the operation starting timing of the pressure boosting control valve 111 and the operation 
starting timing of the injection control valve 109, thereby changing a time interval (i.e., a 
pressure boosting period) from when operation of the pressure boosting piston 104 is 
started (the fuel pressure actually starts to be increased) until when the fuel injection is 
started, as described later. Thus, the ECU 20 controls a fuel injection characteristic 
when the boosted pressure fuel injection is performed. 
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[0087] Thus, in the fuel injection valve 10 with the pressure boosting unit 
according to this embodiment, the fuel injection pressure can be increased from the low 
pressure (fuel pressure in the common rail 3) to the high pressure (boosted pressure) by 
changing the state of the pressure boosting unit 110 from the non-operated state to the 
operated state. In this case, when the fuel pressure is boosted, the boosted pressure is 
applied only to the pressure boosting chamber 114c of the pressure boosting unit 110, the 
pressure boosting fuel passage 108, the fuel injection passage 107, the nozzle portion 105, 
the injection control chamber 103, and the like. Accordingly, since the pressure 
boosting unit 110 is used, the designed pressure of almost all of the elements of the fuel 
injection apparatus such as the common rail 3 and the fuel pump 5 can be set to a 
relatively low value that is substantially equal to the designed pressure in the 
conventional apparatus. Therefore, it is possible to increase the fuel injection pressure 
to a large extent while suppressing an increase in the cost of the entire fuel injection 
apparatus. 

[0088J Next, description will be made of a characteristic of change in the fuel 
injection pressure (pressure boosting characteristic) when the pressure boosting unit 110 
is operated. 

[0089] FIG 3 is a diagram explaining a change in the fuel pressure in the fuel 
injection passage 107 from a time point when a drive signal reaches the pressure boosting 
control valve 1 11 of the pressure boosting unit 1 10. In FIG 3, a vertical axis indicates 
the fuel pressure, and a horizontal axis indicates elapsed time since the drive signal 
reaches the pressure boosting control valve 111 (i.e., a pressure boosting command is 
issued). 

[0090] As shown in FIG 3, even if the drive signal is supplied to the pressure 
boosting control valve 111, there is a delay period TD until the pressure boosting piston 
104 actually starts to be moved and the fuel pressure starts to be increased. Therefore, 
the fuel pressure remains at a common rail pressure PC and is not changed during this 
period. 

[0091] Then, after the delay period TD elapses, the pressure boosting piston 
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104 starts to be moved, and the fuel pressure is increased substantially linearly (during a 
pressure increasing period PS in FIG 3). 

[0092] In this embodiment, a time point let after the delay period TD elapses, 
that is, a time point at which operation of the pressure boosting piston 104 is started and 
5 the fuel pressure actually starts to be increased is referred to as "operation starting t imin g 
of the pressure boosting unit 110", or "pressure boosting starting timing", 

[0093] After the pressure increasing period PS elapses, and the fuel pressure 
reaches a boosted pressure PE that is decided by the common rail pressure PC and the 
area ratio between the piston having the large diameter and the piston having the small 
- 10 diameter in the pressure boosting piston 104 (or pressure increasing ratio), the fuel 
pressure becomes constant However, in a case where the fuel injection is performed 
during the pressure increasing period PS, the fuel injection pressure is changed during the 
fuel injection. 

[0094] Meanwhile, as described above, in the conventional common rail fuel 
15 injection apparatus, fuel injection control parameters such as the fuel injection amount, 
fuel injection timing, and the fuel injection period are decided according to a procedure 
described below. 

[0095] (1) The fuel injection amount is calculated based on the present 
accelerator pedal operation amount (required load) and the engine rotational speed, so 
20 that values of the fuel injection amount are obtained in the form of a numerical table 
(map) in which the accelerator pedal operation amount and the engine rotational speed 
are used as parameters. 

[0096] (2) The common rail pressure (fuel injection pressure) is calculated 
based on the calculated fuel injection amount and the engine rotational speed, so that 
25 values of the common rail pressure are obtained in the form of a map in which the fuel 
injection amount and the engine rotational speed are used as parameters. 

[0097] (3) The fuel injection period (the valve opening period of the fuel 
injection valve) is calculated based on the fuel injection amount and the calculated 
common rail pressure (fuel injection pressure), so that values of the fuel injection period 
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are obtained in the form of a map in which the fuel injection amount and the common rail 
pressure are used as parameters. 

[0098] (4) The fuel injection timing is calculated based on the fuel injection 
amount and the engine rotational speed, so that values of the fuel injection timing are 
5 obtained in the form of a map in which the fuel injection amount and the engine 
rotational speed are used as parameters. 

[0099] According to the aforementioned conventional procedure, the fuel 
injection pressure (common rail pressure) is decided as the fuel injection control 
parameter, and is used for calculating the fuel injection period. However, as described 

10 above, when the boosted pressure fuel injection is performed, the fuel injection pressure 
may be changed. Therefore, for example, even when the fuel injection pressure is 
calculated according to the aforementioned procedure, it is difficult to control the actual 
fuel injection pressure so that the actual fuel injection pressure becomes equal to the 
calculated fuel injection pressure. 

15 [0100] Also, it is theoretically possible to use, as a representative fuel injection 

pressure, the fuel injection pressure at specific timing, such as fuel injection starting 
ti m ing at which the fuel injection is started, or fuel injection end timing at which the fuel 
injection is ended, and to perform control so that the representative fuel injection pressure 
becomes equal to the calculated fuel injection pressure. However, in order to perform 

20 this control, it is necessary to perform an additional complicated calculation considering a 
relationship between the increase in the fuel pressure after the fuel pressure starts to be 
boosted, and the fuel injection starting timing. 

[0101] Further, in the case where the fuel injection period is decided using the 
map in which the fuel injection amount and the common rail pressure are used as 

25 parameters according to the conventional method, when the fuel injection pressure is 
changed, it is necessary to provide maps in which multiple parameters are used, for 
example, according to the change pattern of the fuel injection pressure during boosting of 
the pressure, and the injection starting timing, since the fuel injection period varies 
depending on a time point at which the fuel pressure used for deciding the fuel injection 
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period is obtained. As a result, the calculation of the fuel injection period becomes 
complicated. 

[0102] In this embodiment, the aforementioned problem is solved by using a 
pressure boosting period TE in FIG 3 as the fuel injection control parameter, instead of 
the common rail pressure when the boosted pressure fuel injection is performed. The 
pressure boosting period is defined as a time interval from when the operation of the 
pressure boosting unit (pressure boosting piston 104) is started (i.e., from the pressure 
boosting starting tuning let in FIG 3) until when the fuel injection is started (i.e., until 
fuel injection timing Ijt in FIG 3). 

[0103] When the pressure boosting unit 1 10 in FIG 2 and the pressure boosting 
control valve 1 1 1 in FIG 2 are decided, the pressure boosting characteristic shown in FIG 
3 (the delay period TD, a gradient of a pressure boosting slope PS, a pressure increasing 
ratio PE/PC, and the like) becomes constant. 

[0104] Accordingly, by maintaining a numerical map showing the pressure 
boosting characteristic in FIG 3 at each common rail pressure, it is possible to determine 
the change in the fuel injection pressure when the common rail pressure is decided. 

[0105] Also, when the fuel injection characteristic shown in FIG 3 is decided, 
it is possible to determine the change in the fuel injection pressure after the fuel injection 
is started by deciding a position of the fuel injection timing on a characteristic line 
showing the fuel injection characteristic in FIG 3. 

[0106] In this embodiment, the pressure boosting period TE from when the 
fuel pressure starts to be boosted until when the fuel injection is started is used as the 
parameter for determining the fuel injection timing on the characteristic line in FIG 3. 
Also, in order to further simplify the control, the common rail pressure is controlled to be 
a constant value irrespective of the engine operating state when the boosted pressure fuel 
injection is performed, instead of changing the common rail pressure according to the 
engine operating state as in the conventional case. 

[0107] Thus, in this embodiment, the characteristic of change in the fuel 
injection rate after the fuel injection is started can be represented using only the pressure 
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boosting period TE. 

[0108] Further, in this embodiment, an actual engine is operated while the 
engine rotational speed and the fuel injection amount are changed, and an adjustment 
operation is performed for obtaining the pressure boosting period TE which makes it 
5 possible to obtain the optimal fuel injection characteristic at each combination of the 
engine rotational speed and the fuel injection amount. The obtained results are stored in 
the ROM of the ECU 20 in the form of a two dimensional numerical table (pressure 
boosting period map) in which the fuel injection amount and the engine rotational speed 
are used as parameters. 

10 [0109] In this embodiment, the fuel injection amount is calculated based on the 

accelerator pedal operation amount and the engine rotational speed while the engine is 
operated as in the conventional case, and then, the pressure boosting period TE is 
calculated based on the calculated fuel injection amount and the engine rotational speed, 
using the aforementioned pressure boosting map. 

15 [0110] Thus, in this embodiment, the fuel injection control can be performed 

without increasing the parameters or making the control complicated when the boosted 
pressure fuel injection is performed. 

[0111] FIG 4 is a flowchart showing fuel injection control operation according 
to this embodiment. The control operation is performed by the ECU 20 at every 

20 constant crank angle (every time the fuel injection amount in each cylinder is calculated). 

[0112] In the control operation shown in FIG 4, first, in step 401, the present 
accelerator pedal operation amount (the depression amount of the accelerator pedal) 
ACCP and the engine rotational speed NE are read. In this embodiment, the accelerator 
pedal operation amount ACCP is calculated based on the output from the accelerator 

25 pedal operation amount sensor 21 (FIG 1). The engine rotational speed NE is 
calculated based on the output from the crank angle sensor 25. 

[0113] Then, in step 403, a fuel injection amount Qij is calculated based on the 
accelerator pedal operation amount ACCP and the engine rotational speed NE that are 
read. 
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[0114] In this embodiment as well, values of the fuel injection amount Qij are 
stored in advance in the ECU 20 in the form of a two dimensional numerical table (fuel 
injection amount map) in which the accelerator pedal operation amount ACCP and the 
engine rotational speed NE are used as parameters, as in the case of the conventional 
5 common rail fuel injection. 

[0115] Also, in step 405, it is determined whether the engine is being operated 
in an engine operating region in which the boosted pressure fuel injection is performed, 
based on the fuel injection amount Qij thus calculated and the engine rotational speed 
NE. 

10 [0116] In this embodiment, the engine operating region in which the boosted 

pressure fuel injection is performed using the pressure boosting unit is defined in advance 
using the fuel injection amount Qij and the engine rotational speed NE. The engine 
operating region is stored in the ROM of the ECU 20 in the form of a two dimensional 
numerical table (operating region map) in which the fuel injection amount Qij and the 

15 engine rotational speed NE are used as parameters. In step 405, it is determined 
whether the boosted fuel injection needs to be performed based on whether the present 
fuel injection amount Qij and the engine rotational speed NE are in this region. 

[0117] When it is determined that the engine is being operated in the region in 
which the boosted pressure fuel injection is performed in step 405, step 407 is performed. 

20 [0118] In step 407, the aforementioned pressure boosting period TE is 

calculated. As described above, the pressure boosting period TE is calculated based on 
the fuel injection amount Qij that is calculated in step 403, and the engine rotational 
speed NE, using the aforementioned pressure boosting period map stored in the ROM of 
the ECU 20. 

25 [0119] Further, in step 409, the fuel injection period (the valve opening period 

of the fuel injection valve) Ijp is calculated. In this embodiment, the fuel injection 
period Ijp is obtained as a function of the fuel injection amount Qij and the pressure 
boosting period TE when the fuel injection valve is decided. That is, in this 
embodiment, when the pressure boosting period TE is decided, the change in the fuel 
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injection pressure (fuel injection rate) after the fuel injection is started is decided. Thus, 
the fuel injection period Ijp required for injecting fuel of the required fuel injection 
amount Qij can be represented as a function of the fuel injection amount Qij and the 
pressure boosting period TE. 
5 [0120] FIG 5 shows an example of a relationship between the fuel injection 

period Ijp, and the fuel injection amount Qij and the pressure boosting period TE. In 
this embodiment, the relationship shown in FIG 5 is stored in the ROM of the ECU 20 in 
the form of a mathematical expression. Alternatively, values of the fuel injection period 
Ijp are maintained in the ROM of the ECU 20 in the form of a two dimensional numerical 
10 table (fuel injection period map) in which the fuel injection amount Qij and the pressure 
boosting period TE are used as parameters. The fuel injection period Ijp is calculated 
based on the fuel injection amount Qij and the pressure boosting period TE that are 
calculated in step 405 and step 407, using the relationship or the fuel injection period 
map. 

15 [0121] After the fuel injection period Ijp is calculated in the aforementioned 

manner, the fuel injection timing (fuel injection starting timing) Ijt is calculated based on 
the fuel injection amount Qij and the engine rotational speed NE according to the same 
procedure as the conventional procedure, in step 411. In this embodiment, the optimal 
fuel injection starting timing Ijt for injecting fuel of the fuel injection amount Qij is 

20 obtained in advance by operating the engine while changing the fuel injection amount Qij 
and the engine rotational speed NE, and performing actual measurement and the like. 
Values of the fuel injection timing Ijt are stored in the ROM of the ECU 20 in the form of 
a two dimensional numerical map (fuel injection timing map) in which the fuel injection 
amount Qij and the engine rotational speed NE are used as parameters, or in the form of a 

25 mathematical expression. In step 41 1, the fuel injection timing Ijt is calculated based on 
the fuel injection amount Qij and the engine rotational speed NE, using the fuel injection 
timing map (or the mathematical expression). 

[0122] After the fuel injection timing Ijt is calculated in the aforementioned 
manner, in step 413, the pressure boosting starting timing let is calculated based on the 
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pressure boosting period TE and the fuel injection timing Ijt calculated in step 411. 

[0123] That is, the pressure boosting period TE is defined as the time interval 
between the pressure boosting starting timing let and the fuel injection timing Ijt. 
Therefore, when the fuel injection timing Ijt and the pressure boosting period TE are 
5 decided, the pressure boosting starting timing let can be calculated based on the fuel 
injection timing Ijt. 

[0124] After the aforementioned operation is finished, in step 415, the pressure 
boosting starting timing let that is thus calculated is output to a drive circuit for the 
pressure boosting control valve 111, and the fuel injection timing Ijt and the fuel injection 
10 period Ijp are output to a drive circuit for the fuel injection valve in a corresponding 
cylinder. Then, the present control operation is finished. 

[0125] The drive circuit for the pressure boosting control valve 1 1 1 outputs the 
drive signal to the pressure boosting control valve 111 at timing earlier than the 
calculated pressure boosting starting timing let by an operation delay period (for example, 
15 the delay period TD in FIG 3) so that the actual pressure boosting starting timing 
matches the calculated pressure boosting starting timing let. Also, the drive circuit for 
the injection control valve 109 outputs the injection control valve 109 at timing earlier 
than the fuel injection timing Ijp by the operation delay period (for example, the delay 
period TD in FIG 3) so that the actual fuel injection timing matches the calculated fuel 
20 injection timing Ijp. 

[0126] Meanwhile, when it is determined that the engine is not being operated 
in the engine operating region in which the boosted pressure fuel injection is performed 
in step 405, the same common rail pressure fuel injection control as the conventional 
control (i.e., normal pressure fuel injection control) is performed in step 417 and 
25 subsequent steps. 

[0127] That is, in step 417, the common rail pressure PC is calculated based on 
the fuel injection amount Qij calculated in step 403 and the engine rotational speed NE. 

[0128] Then, in step 419, the fuel injection period Ijp is calculated based on the 
common rail pressure PC and the fuel injection amount Qij. FIG 6 is a diagram 
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showing a relationship between the fuel injection period Ijp, and the common rail 
pressure PC and the fuel injection amount Qij in the same manner as in FIG 5. 

[0129] After the fuel injection period Ijp is calculated in the aforementioned 
manner, in step 421, the fuel injection timing Ijt is calculated based on the fuel injection 
amount Qij and the engine rotational speed NE. 

[0130] Then, in step 423, the target common pressure PC that is calculated in 
the aforementioned maimer is output to a common rail pressure control circuit (not 
shown). Also, the fuel injection period Ijp and the fuel injection timing Ijt are output to 
the drive circuit for the fuel injection valve. Then, the present control operation is 
finished. 

[0131] That is, in this embodiment, the ECU 20 stores both of the fuel injection 
period Ijp for the boosted pressure fuel injection (FIG 5) as the function of the pressure 
boosting period TE and the fuel injection amount Qij, and the fuel injection period Ijp for 
the normal pressure fuel injection (FIG 6) as the function of the common rail pressure PC 
and the fuel injection amount Qij. When the boosted pressure fuel injection is 
performed, the fuel injection period Ijp is calculated using the relationship shown in FIG 

5 (or the numerical map) (step 409). Also, when the normal pressure fuel injection is 
performed, the fuel injection period Ijp is calculated using the relationship shown in FIG 

6 (or the numerical map) (step 419). 

[0132] Thus, when the boosted pressure fuel injection is performed, the control 
suitable for the boosted pressure fuel injection mode is performed. Also, when the 
normal pressure fiiel injection is performed, the control suitable for the normal pressure 
fuel injection mode is performed. 

[0133] Next, description will be made of the pressure boosting period TE and 
the fuel injection pattern when the boosted pressure fuel injection is performed. 

[0134] As described above, in this embodiment, the pressure boosting period 
TE is defined as the interval between the pressure boosting starting timing let and the fuel 
injection starting timing Ijt. When the pressure boosting period TE is changed, the fuel 
injection pressure (fuel injection rate) during the fuel Ejection period is changed. Thus, 
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by using the pressure boosting period TE as the control parameter, it is possible to change 
the change pattern of the fuel injection rate when the fuel injection is performed. 

[0135] Also, as described above, in this embodiment, when the boosted 
pressure fuel injection is performed, the common rail pressure PC is maintained at a 
5 constant value (base rail pressure) irrespective of the engine operating state, whereby the 
fuel injection control during the boosted pressure fuel injection is simplified. Further, in 
this embodiment, the common rail pressure PC is set to the lowest fuel injection pressure 
during the boosted pressure fuel injection. 

[0136] Since the base rail pressure is set to the lowest fuel injection pressure 
10 during the boosted pressure fuel injection, the fuel injection may be performed at the base 
rail pressure during the fuel injection period even when the boosted pressure fuel 
injection is performed. That is, the fuel injection may be started before the fuel pressure 
starts to be boosted. 

[0137] In this case, when the boosted pressure fuel injection is performed, it is 
15 complicated to perform the control in different manners according to whether the fuel 
injection starting timing is before or after the pressure boosting starting timing. 
Therefore, in this embodiment, the value of the fuel injection period TE can be both of a 
positive value and a negative value. In a case where the fuel injection is started after the 
fuel pressure starts to be boosted, the value of the fuel injection period TE is a positive 
20 value. In a case where the fuel injection is started before the fuel pressure starts to be 
boosted, the value of the fuel injection period TE is a negative value. Thus, the values 
of the fuel injection period TE can be indicated by one numerical table, irrespective of 
whether the fuel injection starting timing is before or after the pressure boosting starting 
timing. Thus, the fuel injection control is simplified. 
25 [0138] FIG. 7A to FIG 7E are diagrams each schematically showing a change 

pattern of the fuel injection rate when the pressure boosting period TE is changed 

[0139] In each of FIG 7A to FIG 7E, an upper line indicates the pressure 
boosting characteristic of the pressure boosting unit as in FIG 3, and a lower line 
indicates a change in the fuel injection rate when the fuel injection is performed. Also, 
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the reference character Ijt indicates the fuel injection starting timing, the reference 
character Ije indicates the fuel injection end timing, and the reference character let 
indicates the pressure boosting starting timing. Also, each of FIG. 7A and FIG 7B 
shows the case where the value of the pressure boosting period TE is a negative value, 
5 that is, the fuel injection starting timing Ijt is before the pressure boosting starting timing 
let. Each of FIG. 7C to FIG. 7E shows a case where the value of the pressure boosting 
period TE is a positive value, that is, the fuel injection starting timing Ijt is after the 
pressure boosting starting timing let. 

[0140] Hereinafter, each of FIG 7A to FIG 7E will be described. 

10 [0141] FIG 7A shows the case where both of the fuel injection starting timing 

Ijt and the fuel injection end timing Ije are before the pressure boosting starting timing let. 
In this case, the fuel injection pressure is maintained at the base rail pressure during the 
fuel injection period. The fuel injection pattern shown in FIG 7 A is used when the 
engine is operated at a relatively low load. 

15 [0142] FIG 7B shows the case where the fufcl injection starting timing Ijt is 

before the pressure boosting starting timing let (TE < 0), and the fuel injection end timing 
Ije is after the pressure boosting starting timing let. In this case, as shown by the lower 
line indicating the fuel injection rate, the fuel injection rate is maintained at a relatively 
low constant value in an initial stage of the fuel injection. The fuel injection rate starts 

20 to be increased in the midst of the fuel injection. 

[0143] In the fuel injection pattern shown in FIG 7B, a relatively small amount 
of fuel is injected into the combustion chamber in the initial stage of the fuel injection. 
Then, after a temperature in the cylinder has been increased due to burning of the fuel, 
most part of the fuel is injected in a latter half of the fuel injection period. Therefore, 

25 the fuel is burned in a good state, and exhaust gas smoke and combustion noise are 
reduced. The fuel injection pattern shown in FIG 7B is used mainly when the engine is 
operated at an intermediate load. 

[0144] FIG 7C shows a case where both of the fuel injection starting timing Ijt 
and the fuel injection end timing Ije are on the pressure boosting slope PS (refer to FIG. 
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3). In the case shown in FIG. 7C, the pressure boosting period TE is equal to or larger 
than 0. 

[0145] In this case, the fuel injection rate is sharply increased when the fuel 
injection is started, and then is increased with an increase in fuel injection pressure (i.e., 
5 according to the gradient of the pressure boosting slope). In the fuel injection pattern in 
which the fuel injection rate is large in the initial stage of the fuel injection, and then the 
fuel injection is decreased, the amount of fuel supplied to the combustion chamber is 
relatively small in the end stage of the fuel injection when the combustion temperature is 
high. Therefore, an amount of generated NOx is reduced, and the combustion noised is 
10 reduced. 

[0146] FIG 7D shows a case where the fuel injection starting timin g Ijt is on 
the pressure boosting slope PS, and the fuel injection end timing Ije is after the end of 
boosting of the fuel pressure. In this case, the fuel injection rate is changed in the initial 
stage of the fuel injection in the same manner as in FIG 7C, and then the fuel injection at 

15 the boosted pressure (at the largest fuel injection rate) continues to be performed for a 
given period. Since the fuel injection rate is set to a relatively low value in a first half of 
the fuel injection period, and the fuel injection rate is set to a high value in the latter half 
of the fuel injection period in this manner, combustion noise and smoke can be reduced 
when a large amount of fuel is burned in the latter half of the fuel injection period. 

20 Accordingly, the fuel injection pattern shown in FIG 7D is used when the engine is 
operated in the vicinity of a maximum torque point at which the maximum torque is 
generated, and a large amount of fuel needs to be injected. 

[0147] FIG 7E shows a case where the fuel injection is started after the fuel 
injection pressure reaches the boosted pressure PE. In this case, the fuel injection 

25 pressure (fuel injection rate) is fixed to the maximum value when the fuel injection is 
started, and therefore a large amount of fuel can be injected during the minimum fuel 
injection period. 

[0148] Accordingly, the fuel injection pattern shown in FIG. 7E is used when 
the fuel injection period is set to be short, and the engine is operated in a high rotational 
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speed high output torque region in the vicinity of a maximum output point at which the 
maximum output is generated, and a large amount of fuel needs to be injected. 

[0149] Next, description will be made of operation of the pressure boosting 
unit in the case where the fuel injection is performed at the base rail pressure (shown in 
5 FIG 7A). 

[0150] As described above, in this embodiment, the base rail pressure is set to 
the lowest fuel injection pressure during the boosted pressure fuel injection. Therefore, 
when the boosted pressure fuel injection is performed, the fuel injection may be ended 
before the fuel pressure starts to be boosted. That is, in this case, the fuel injection 
10 pressure is maintained at the base rail pressure, and the fuel pressure does not need to be 
boosted. Therefore, the pressure boosting unit does not need to be operated. 

[0151] Accordingly, in this embodiment, when the value of the pressure 
boosting period TE calculated in step 407 in FIG. 4 is a negative value, and an absolute 
value of the pressure boosting period TE is larger than a predetermined value a (i.e., TE 
15 < - a), that is, when the fuel injection starting timing is sufficiently before the pressure 
boosting starting timing, it is determined that the fuel injection is ended before the fuel 
pressure starts to be boosted, and the pressure boosting unit 1 10 is not operated (that is, in 
this case, the ECU 20 does not output the drive signal to the pressure boosting control 
valve 111). 

20 [0152] The predetermined value a is a value larger than the maximum value of 

the fuel injection period in the engine operating region in which the value of the pressure 
boosting period TE is a negative value. More particularly, the predetermined value a is 
decided, for example, through experiment performed using an actual engine. Generally, 
the predetermined value a is approximately several milliseconds. 

25 [0153] Also, in this case, though the pressure boosting unit 1 1 0 is not operated, 

the fuel injection period Ijp is calculated in step 409 in FIG. 4, as in the case of the usual 
boosted pressure fuel injection. 

[0154] Thus, since the pressure boosting unit 110 is prohibited from being 
operated when the pressure boosting unit 10 does not need to be operated during the 
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boosted pressure fuel injection, the pressurized fuel does not need to be discharged to the 
drain pipe 1 1 la as operating oil for the pressure boosting piston 104. Therefore, power 
consumption of the fuel injection pump 5 (FIG. 1) is reduced. 

[01551 Next, description will be made of operation stop timing of the pressure 
boosting unit 110a, that is, timing at which operation of the pressure boosting unit 110 is 
stopped. 

[0156] In the control operation shown in FIG 4, the fuel injection starting 
timing let is decided based on the fuel injection starting timing Ijt and the pressure 
boosting period TE. Meanwhile, for example, the timing at which boosting of the fuel 
pressure is ended, that is, the operation stop timing of the pressure boosting unit 1 10 is set 
so that a pressure boosting continuing period during which the pressure boosting unit 110 
continues to be operated becomes a constant period which is sufficiently longer than the 
fuel injection period. 

[0157] However, a problem may occur if the pressure boosting unit 110 
continues to be operated after the end of the fuel injection. For example, when the fuel 
injection is ended, the fuel injection valve is abruptly closed, and accordingly the fuel 
pressure in the fuel injection valve is sharply increased (i.e., pressure overshoot is caused). 
The increase in the pressure is transmitted in the fuel pipe leading to the fuel injection 
valve in the form of a pressure wave. Therefore, when the pressure wave is passing, the 
fuel pressure is increased at each portion through which the pressure wave passes. The 
pressure wave is reflected at both ends of the fuel passage (i.e., at the fuel injection valve 
and the common rail), and thus the pressure wave repeatedly goes and returns in the fuel 
passage. Therefore, pulsation of the fuel pressure repeatedly occurs in the fuel passage 
after the end of the fuel injection. A peak pressure when the pressure pulsation occurs is 
increased with an increase in the fuel pressure immediately before the pressure wave 
occurs, that is, when the fuel injection is ended. 

[0158] Accordingly, for example, even when the boosted pressure is 
approximately 200 MPa, the peak pressure may be increased to approximately 300 MPa 
when the fuel injection valve is closed. Therefore, a problem occurs in which a design 
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pressure at each portion needs to be equal to or higher than 300 MPa even when the 
maximum fuel injection pressure is 200 MPa. 

[0159] In this embodiment, the problem is solved by stopping the operation of 
the pressure boosting unit 110 simultaneously with an end of the fuel injection. 
5 [0160] As described above, in this embodiment, each of the fuel injection 

starting timing Ijt, the fuel injection period Ijp, and the pressure boosting starting timing 
let is decided by the control operation shown in FIG 4. 

[0161] Further, in this embodiment, a pressure boosting continuing period TEP 
is decided based on the fuel injection amount Qij and the engine rotational speed NE so 
10 that the operation of the pressure boosting unit 110 is stopped simultaneously with the 
end of the fuel injection. 

[0162] As described with reference to FIG 4, in this embodiment, the pressure 
boosting period TE is decided based on the fuel injection amount Qij and the engine 
rotational speed NE (step 407 in FIG 4), and the fuel injection period Ijp is decided based 
15 on the pressure boosting period TE and the fuel injection amount Qij (step 409 in FIG 4). 
Since the pressure boosting continuing period TEP is a sum of the pressure boosting 
period TE and the fuel injection period Ijp, the pressure boosting continuing period TEP 
can be decided based on the fuel injection amount Qij and the engine rotational speed 
NE. 

20 [0163] In this embodiment, values of the pressure boosting continuing period 

TEP are calculated in advance based on combinations of the fuel injection amount Qij 
and the engine rotational speed NE, and are stored in the ROM of the ECU 20, for 
example, in the form of a two dimensional numerical table (pressure boosting continuing 
period map) in which the fuel injection amount Qij and the engine rotational speed NE 

25 are used as parameters. The pressure boosting continuing period TEP is calculated 
based on the fuel injection amount Qij and the engine rotational speed NE using the 
aforementioned pressure boosting continuing period map, together with the control 
operation in step 407 to step 413. 

[0164] Also, in step 415, the pressure boosting continuing period TEP is output 
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to the drive circuit (not shown) for the pressure boosting control valve 111, together with 
the pressure boosting starting timing let. The drive circuit for the pressure boosting 
control valve 111 adjusts on/off timing of the drive signal output to the pressure boosting 
control valve 111 so that the fuel pressure starts to be boosted at the pressure boosting 
5 starting timing let, and the actual operation of the pressure boosting unit 110 continues 
for the pressure boosting continuing period TEP, and then is finished, considering the 
delay in the operation of the pressure boosting system such as the pressure boosting 
control valve 111 and the pressure boosting piston 104. 

[0165] Thus, since the operation of the pressure boosting unit is finished 

10 simultaneously with the end of the fuel injection, the fuel injection pressure starts to 
decrease simultaneously with the end of the fuel injection. Therefore, the peak pressure 
when the pressure pulsation is caused by ending the fuel injection is low as compared to 
the case where the pressure boosting unit 110 continues to be operated after the end of the 
fuel injection. As a result, the design pressure of the fuel system can be set to a low 

15 value. 

[0166] FIG 8 shows a case where the operation stop timing of the pressure 
boosting unit 110 is controlled according to the fuel injection period in the same manner 
as described above, and the operation of the pressure boosting unit 110 is stopped before 
the end of the fuel injection. An upper line indicates a change in the fuel injection 

20 pressure, and a lower line indicates a change in the fuel injection rate. 

[0167] In the case where the operation of the pressure boosting unit 110 is 
stopped before the end of the fuel injection as shown in FIG 8, the fuel injection pressure 
is decreased during the fuel injection as shown by the upper line in FIG 8. Therefore, 
the fuel injection rate is increased in the first half of the fuel injection period, and is 

25 sharply decreased in the latter half of the fuel injection period. Thus, it is possible to 
obtain the fuel injection rate characteristic shown by a characteristic line having a A 
shape. 

[0168] Thus, since the operation of the pressure boosting unit 110 is stopped 
before the end of the fuel injection, it is possible to obtain the fuel injection rate 



WO 2005/106231 PCT/IB2005/001 144 

37 

characteristic that cannot be obtained in the conventional case. As a result, flexibility in 
setting the fuel injection rate characteristic is increased to a large extent With respect to 
the fuel injection rate characteristic shown by the characteristic line having a A shape in 
FIG 8, influence of this characteristic on the combustion state of the engine and the 
5 properties of exhaust gas has not been clarified, and will be studied in the future. 
However, it is expected that some kind of favorable effect can be obtained. 

[0169] Since the operation of the pressure boosting unit 110 is stopped, and 
accordingly the fuel injection pressure is decreased before the end of the fuel injection as 
shown in FIG 8, the peak pressure when the pressure pulsation is caused by ending the 
10 fuel injection is further decreased as compared to the aforementioned example. 
Therefore, the design pressure can be more effectively prevented from being 
unnecessarily increased. 

[0170] Next, the base rail pressure will be described. 

[0171] As described above, in this embodiment, the base rail pressure is set to 
15 the lowest fuel injection pressure during the boosted pressure fuel injection. 

[0172] Thus, in this embodiment, the pressure increasing ratio of the pressure 
boosting unit 110 can be set to a low value as compared to a case where the base rail 
pressure is set to a value lower than the lowest fuel injection pressure during the boosted 
pressure fuel injection. 

20 [0173] As the pressure increasing ratio of the pressure boosting unit 110 is 

decreased, the amount of oil (leak oil) discharged to the drain pipe 111a through the 
pressure boosting control valve 111 is reduced when the pressure boosting unit 110 is 
operated. Therefore, a load of the fuel injection pump 5 is reduced, and response of the 
pressure boosting unit 110 is improved. 

25 [0174] FIG 9 is a diagram explaining an engine operating region in which the 

boosted pressure fuel injection is performed according to the embodiment 

[0175] In FIG 9, a vertical axis indicates the fuel injection amount Qij, and a 
horizontal axis indicates the engine rotational speed NE. When the fuel injection 
amount Qij is not changed, the engine load is increased with an increase in the engine 
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rotational speed NE. Also, when the engine rotational speed NE is not changed, the 
engine load is increased with an increase in the fuel injection amount Qij. 

[0176] As shown in FIG. 9, in this embodiment, the boosted pressure fuel 
injection is performed in a relatively high load operating region in which the fuel 
5 injection amount is large and the engine rotational speed is high. The normal pressure 
fuel injection is performed (i.e., the fuel injection is performed while changing the 
common rail pressure according to the engine operating state) in a relatively low load 
operating region in which the fuel injection amount is small and the engine rotational 
speed is low. Also, in this embodiment, a base rail pressure fuel injection region in 

10 which the fuel injection is performed at the base rail pressure is provided in a boosted 
pressure fuel injection region in the vicinity of a boundary between the boosted pressure 
fuel injection region and a normal pressure fuel injection region. As described above, in 
the base rail pressure fuel injection region, since the boosted pressure fuel injection is 
performed without operating the pressure boosting unit 110, the fuel injection pressure is 

15 constant (base rail pressure). 

[0177] Also, in the normal pressure fuel injection region, the common rail 
pressure is controlled according to the engine operating state. The base rail pressure is 
set to the maximum fuel injection pressure in the normal pressure fuel injection region. 

[0178] Since the base rail pressure fuel injection region is provided between 

20 the boosted pressure fuel injection region on a high load side in which the pressure 
boosting unit 1 10 is operated, and the normal pressure fuel injection region on a low load 
side as shown in FIG 9, it is possible to perform the fuel injection while continuously 
changing the fuel injection pressure from a pressure lower than the based rail pressure to 
the maximum fuel injection pressure (boosted pressure), according to the operating 

25 condition. 

[0179] As described above, in this embodiment, the ECU 20 performs 
feedback control of a discharge volume of the fuel injection pump 5 based on the 
common rail pressure detected by the fuel pressure sensor 27, thereby controlling the 
common rail pressure to a target value. In the boosted pressure fuel injection region, the 
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target value of the common rail pressure is the lowest fuel injection pressure (constant 
value) during the boosted pressure fuel injection. When the normal fuel injection is 
performed, the target value of the common rail pressure is decided based on the fuel 
injection amount Qij and the engine rotational speed NE. 

[0180] Ordinarily, the common rail 3 is provided with a pressure adjusting 
valve (pressure reducing valve) for sharply reducing the common rail pressure, for 
example, when the fuel injection is performed after fuel cut at the time of deceleration. 
Therefore, in the normal pressure fuel injection region, feedback control of the pressure 
reducing valve may be performed based on the common rail pressure detected by the fuel 
pressure sensor 27 so that the common rail pressure becomes equal to a given value equal 
to or lower than the base rail pressure, instead of controlling the common rail pressure by 
changing the discharge volume of the fuel injection pump. 

[0181] When the common rail pressure is controlled using the pressure 
reducing valve, there is a disadvantage that driving power for the fuel injection pump is 
increased due to discharge of pressurized fuel, as compared to when the common rail 
pressure is controlled by changing the discharge volume of the fuel injection pump. 
However, there is an advantage that the control of the pressure is simplified, as compared 
to when the common rail pressure is controlled by changing the discharge volume of the 
fuel injection pump. 

[0182] Description has been made of the pressure boosting common rail fuel 
injection apparatus using the pressure boosting means including the pressure boosting 
piston. However, it is needless to say that the invention can be applied to a pressure 
boosting common rail fuel injection apparatus using other type of pressure boosting 
means. 



